The scenario-based stochastic unit commitment (SBS-UC) is an effective approach to solve unit commitment considering wind power integration. SBS-UC can make full use of the probability distribution characteristics of wind farm output power, and thus optimal unit commitment results in statistics can be obtained. The SBS-UC has aroused widespread concerns, because the application effect of SBS-UC has a close relation with the formation mode of scenario set. Therefore, constructing the reasonable scenario set is a key problem which must be solved in the SBS-UC. Test scenario set 1 is obtained according to probability distribution of each period, without considering the time-domain correlation information of wind farm output power. Conversely, test scenario set 2 contains time-domain correlation information of wind farm output power through estimating the correlation coefficient matrix. Thus, based on the same SBS-UC model, the scheduling results of two different scenario sets under different formation modes are compared to emphasize the important role of time-domain correlation information of wind farm output power in the problem of unit commitment considering wind power integration.
INTRODUCTION
With the stochastic and intermittent characteristics of wind power output, the large-scale wind power integration brings a significant challenge to the unit commitment of power system [1] [2] [3] . How to maintain grid security and reliability and make full use of wind power resources has become a hot issue in the field of the operation and control of power grid. The unit commitment, an important part of power grid operation and decision, has a more marked impact on the economy of power system compared with advanced dispatch [4] or real-time dispatch [5] . However, more and more wind power integration is posing new challenges to power system operators in grid management and generation scheduling. The inherent __________________________ uncertainty and variability of wind power calls for new approaches to solve traditional unit commitment problems. The scenario-based stochastic unit commitment has been proposed as one approach to handle the wind power uncertainty and obtain optimal unit commitment results in statistics, which has aroused widespread concerns [6] [7] [8] [9] [10] . Reference [6] provides a SBS-UC method considering the uncertainty of wind power output and load requirement corresponding to scenario formation mode. It is assumed that the prediction error of wind power output and load requirement are both obeying normal distribution at any periods, and the wind power output and the load requirement are independent mutually. Reference [7] emphasizes the significance of robust scheduling in the grid with high proportion penetration of wind power. The comparisons of decision results between SBS-UC method and deterministic UC method show the potential superiority of SBS-UC method. Reference [8] provides a two-stage SBS-UC method and introduces a method of generating wind power output scenario based on extensional numerical weather prediction. Reference [9] compares the SBS-UC method and interval optimization UC method and points out that optimal solution in SBS-UC is more stable than interval optimization method. Reference [10] emphasizes that the scenario bundle constraint is the key constraint for relating results of decisions in each scenario.
According to above researches, SBS-UC method has been regarded as an effective approach to make decisions under uncertain conditions. However, as described in [9] , decision effect of SBS-UC has a close relation with the formation mode of scenario set. At present, there are rare discussions about the rationality of scenario set in the research of SBS-UC method.
In fact, comparing with many other uncertain modeling approaches, the prominent advantage of scenario set is that it can contain the information of variation rate of wind power output through describing the sequential change process of wind power output. It has positive significance to excavate the inherent laws of wind power output, and make full use of system resources that can be regulated to improve overall efficiency of system. Unfortunately, so far most of methods for generating scenario set haven't considered time-domain correlation information of wind power output. Against this backdrop, this paper aims to emphasize the important role of time-domain correlation information of wind power output in the scenario set to improve the application effect of SBS-UC, through analyzing and contrasting scheduling results of SBS-UC based on different scenarios sets that whether or not considering the time-domain correlation information.
SBS-UC MODEL

Objective Function
The objective function aims to minimize the thermal generator start-up costs and the expected sum of fuel costs from thermal generators, in some extreme cases, the cost of wind power curtailment and load shedding are also considered. The objective of the UC model can be expressed as 
Constraints
The constraints include the system load balance in each scenario s as given in (3) . Generating unit constraints include capacity limits of thermal units as expressed in (4) .
,
Other unit constraints include minimum on/off time and ramping up/down rate. The detailed formulation is not included in the paper, which can be obtained in [11] .p gw t (s) is the wind power of wind farm w in the period t in scenario s; p d t is the load demand of load node d in period t; p gi min and p gi max are the minimum and maximum capacity of unit i separately. Transmission network constraints include branch flow limits according to the relation(5), which is enforced to guarantee the network security of power systems operation.
(5) where: SF is shift factor matrix; K P and K D are the bus-generator incidence and bus-load incidence; P g t (s), P g t and ∆P d t (s) are the vectors of power output of thermal generator, load and load shedding in period t in scenario s respectively; PL max is the vector of upper limit for power flow.
The scenario bundle constraints in [10] and [12] are detailed as g g ( ) 
The scenario bundle constraints (6) indicate that if two scenarios s and s ' are indistinguishable from the beginning to time τ on the basis of information available at time t, then the decision made for scenario s (here decision includes the units commitment status) must be the same as that of scenario s ' from the beginning to time τ. Accordingly, the objective function (1) combined with a set of constraints (3)- (6) constitutes a stochastic SCUC problem. The fundamental difference between SBS-UC and deterministic UC model is that scenario tree as a stochastic description method is introduced into the model, and the deterministic fuel costs are replaced by the expected sum of fuel costs from thermal generators. Scenario tree as a stochastic description method can describe not only the fluctuation range of wind farm generation in each period but fluctuation rate of wind farm generation between time intervals. In comparison to deterministic method, the expected sum of fuel costs can more objectively reflect economy of UC. We find that constraints (3)- (5) are related to individual scenarios and only (6) is the coupling constraints connecting with different scenarios. The scenario bundle constraints in the model are considered to make the UC problem different from a combination of deterministic UC models. The system reserve requirements are implicitly represented by deviations in the dispatch model via scenarios.
FORMATION OF SCENARIO TREE
The precondition of forming scenario tree is obtaining probability distribution of wind power output. Based on the probability distribution prediction, a set of possible scenarios are generated for modelling uncertainties in the SBS-UC problem. A subset of scenarios is determined to be the closest to the initial probability distribution in terms of probability metrics [13] - [15] . The probability distribution prediction for wind power output in multi-time-intervals, scenario reduction and scenario aggregation are presented in the following sections.
Probability Distribution Prediction for Wind Power Output in Multi-Time-Intervals
Wind farm generation multi-time-interval joint probability density forecast approach can be obtained in the author's work [16] and [17] . The two methods are described in [16] and [17] and differences between the two methods are briefly introduced according to [16] and [17] .
Wind farm generation in multi-time-interval can be expressed by multivariate normal distribution N(η,B), probability density function can be obtained in (7).
where y * is a T-dimensional random vector, which indicates wind power output in the future T periods; η is a T-dimensional expectation vector; B is the covariance matrix. The relation between covariance matrix B and correlation coefficient matrix Γcan be expressed by (8) .
where D is a diagonal matrix, and its diagonal elements are the standard deviation of the predicted value of wind power output. Γ is a symmetric positive definite matrix with the number 1 as the diagonal elements, and the absolute value of off-diagonal elements are less than the number 1.
In [16] and [17] , the two probability prediction methods have the same expectation vector η and matrix D, but different correlation coefficient matrix Γ. [16] doesn't consider the time-domain correlation information of wind farm output power, and Γis a unit matrix. [17] considers the time-domain correlation information of wind farm output power, and Γ is a symmetric positive definite matrix with the number 1 as the diagonal elements and the nonzero off-diagonal elements. The value of the off-diagonal elements reflects the degree of correlation of time-domain correlation characteristics of wind farm output power.
Scenario Reduction and Scenario Aggregation
Computational requirements for solving scenario-based optimization models depend on the number of scenarios. So an effective scenario reduction method is very essential for solving large scale systems. The reduction technique is a scenario-based approximation with a smaller number of scenarios and a reasonably good approximation of original system. So we determine a subset of scenarios and a probability measure based on this subset is the closest to the initial probability distribution in terms of probability metrics. Our scenario reduction technique will control the goodness-of-fit of approximation by measuring a distance of probability distributions as a probability metric. Efficient algorithms based on backward and fast forward methods are developed to determine optimal reduced measures. Simultaneous backward and fast forward reduction methods are detailed introduced in [13] - [15] .
CASE STUDIES
Summary of Case Studies
A modified IEEE 30-bus system is used to analyse the important role of time-domain correlation information of wind farm output power in SBS-UC problem. Through analysing and contrasting scheduling results of SBS-UC based on different scenarios sets that whether or not considering the time-domain correlation information, case studies describe the mechanism of effect of time-domain correlation information of wind farm output power on scheduling results of SBS-UC. The case studies utilize CPLEX 12.1.0 on an Intel Core 2 2.93-GHz personal computer.
A series of wind power generation is obtained from historical data. The total installed capacity which is 179 MW is inserted to node-27. The simulation period is 4 weeks, where UC and ED run in sequence. The 15-minute profile of the loads is taken from [18] from week-15 to week-21. The load level is scaled down to match the configuration of the generation capacity in the test power system, with the peak load of 700 MW occurs on the 15th day of the simulation period. In the simulated 4-week period, the wind power capacity factor is 20.7%, and the wind power meets 7.33% of the load if there is no wind curtailment. The load and wind power data are both shown in Figure 1 .
According to section 3.1, the time-domain correlation information isn't taken into account in scenario set 1 (Γ is a unit matrix); and the time-domain correlation information is taken into account in scenario set 2 (Γ is a symmetric positive definite matrix with the number 1 as the diagonal elements, and the nonzero off-diagonal elements), correlation coefficients Γ can be obtained by [18] . Figure 2 shows the surface diagram of wind farm generation correlation coefficients in scenario set 2.
The multivariate random analogy technology is used to generate 1000 scenarios of wind power output under the conditions of considering or not considering time-domain correlation information of wind power output respectively. Then, through scenario reduction and scenario aggregation, scenario set 1 and 2 used for decision-making are obtained.
The characteristics of the thermal power plants are shown in Table I and Table II . The production cost increases from unit 1 to unit 8. Figure 3 shows the curve of scenario set and actual wind power output in day-15. It can be seen from the figure that the actual wind power output (thick dotted lines) can be included by both scenario sets. Moreover, the variation of scenarios in scenario 2 are more smooth for considering time-domain correlation information of wind power output, and this can be directly seen from the gradient curves of equivalent load in Figure 4 . Figure 4 shows gradient curves of actual equivalent load and the envelope curves (be composed of the maximum value in absolute value of variation rate of equivalent load between two consecutive periods in all scenarios) of gradient curves of equivalent load based on wind power scenario sets. It can be seen that more smooth scenarios in scenario 2 are more in accordance with the actual wind power output. 
Example analysis
Set the interrupted energy assessment rate to be 500$/MWh and unit cost of wind power curtailment to be 200$/MWh. The detailed scheduling results for a selected day (i.e. day 15) are compared and the overall simulation results are shown with different scenario sets. The scheduling results for scenario set 1 and 2 are abbreviated as Case1 (C1) and Case 2 (C2). Figure 5 shows the number of units on-line in C1 and C2 for day-15. It is evident from figure that the number of on-line units in C1 is higher than in C2. Because of not considering time-domain correlation information of wind power output, the variation rate of scenarios in Case1 is greater than that in Case2, which means that Case1 overvalued response ability that the system needed for coping with the variation of wind farm output power. According to the calculation results, the actual operation cost in C1 and C2 is $375306.4 and $374293.5 respectively (the cost in C1 is $1013 more than in C2) and there are no wind power curtailment and load shedding occurring in both C1 and C2. Figure 6 shows the number of units on-line in C1 and C2 in the overall simulation periods. Compared with that, Table III shows the total hours of commitment for thermal units. The cheapest units (1 and 2) are committed throughout the simulation period in the two cases. More expensive units 4-7 are dispatched more frequently in C1, due to the overvalued ramping capacity that the system needed to deal with the variability of wind power output in the scenario set 1, especially units 6-7 having faster ramping capacity, shorter but more expensive minimum up and down time. This illustrates that if system operators are not considering time-domain correlation information of wind power output, it may easily lead to over commitment of thermal units. Table IV shows the summary of operating index including fuel cost, load curtailment, operation cost (considering the cost of load curtailment), wind curtailment and wind power acceptance level η w in C1 and C2 for the overall simulation periods. It can be seen from the table that wind power acceptance level in C1 is only 0.13% higher than that in C2, but the operation cost (considering the cost of load curtailment) is 0.23% higher than that in C2. 
Unit
Total hours of commitment for thermal units Case 1  Case 2  1  672  672  2  672  672  3  438  449  4  417  384  5  358  339  6  95  41  7  28  3  8 0 0
Due to the ramping capacity that the system needed to deal with the variability of wind power output in the scenario set 1 is higher than that in scenario set 2, compared with C2, C1 either increases the number of on-line units or commitment units with much faster ramping capacity such as unit 6-7. However, the variation rate of actual wind power output is much slower than that in scenario set 1 in most periods, which means C1 overvalued ramping capacity that the system needed to deal with the variability of wind power output. Compared with C2, the cost of C1 is higher for the reason of the commitment of expensive units and lower load rate, though C1 can improve wind power acceptance level. Because of considering time-domain correlation information of wind power output, the variation rate of wind power in the scenario set 2 is in accordance with actual wind power output, and the dispatching results can cope with the variation of wind power in most periods and is less conservative and better economy. Table V shows the comparison of system operation index including fuel cost, load curtailment, wind curtailment and wind power acceptance level ηin C1 and C2 in the overall simulation periods with different unit cost of wind power curtailment C w . Table V shows that the fuel cost of thermal power gradually reduces and wind curtailment increase with the unit cost of wind power curtailment reduces. Compared with C2, the wind power acceptance level of C1 increases only 0.13%, 0.12%, 0.10% and 0.05%, but the fuel cost of thermal power increases 0.24%, 0.24%, 0.23% and 0.23%, under the condition of setting the unit cost of wind power curtailment to be 200$/MWh, 100$/MWh, 50$/MWh and 0$/MWh respectively. Obviously, schedule will accommodate wind power as much as possible in case that physical characteristics condition of power grid permitted for the reason of high unit cost of wind power curtailment. As the unit cost of wind power curtailment falls, abandoning part of wind power may gain better economy. Table V shows that, if wind curtailment is permitted, economics of system will be better and wind power acceptance level wouldn't dramatically reduce under the condition of high penetration levels and fast variation rate of wind power output. 
CONCLUSIONS
This paper proposes scenario-based stochastic unit commitment considering wind power. Comparing scheduling results under the two different scenarios sets, it emphasizes the important role of time-domain correlation information of wind farm output power in the problem of unit commitment considering wind power integration. When not considering the time-domain correlation information of wind farm output power, the produced scenarios overvalued response ability that the system needed for coping with the variation of wind farm output power, the unit commitment results will be partial conservative, and efficiency of operation is low. While considering the time-domain correlation information of wind farm output power, the produced scenarios fit well with the actual variation of wind farm output power, and the unit commitment results were much better than that of not considering the time-domain correlation information of wind farm output power, and emphasizes the necessity of considering the time-domain correlation information of wind farm output power when build scenario set.
In addition, if permitting wind curtailment, economics of system will better under the condition of high penetration levels and fast variation rate of wind power output.
